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DISCUSSION
We recently developed a new contractility index for evaluating myocardial performance,12),14),15) which is the slope of the LV end-systolic forcelength relation (Ec). The present study assessed the acute effect of an increase in systolic pressure on myocardial contractility by using this index. It was shown that under beta-blockade Ec and Do were both greater during AOO than during VCO. It has previously been reported that when the contractility of papillary muscle preparations or the isolated heart is increased, the length intercept of the myocardial force-length relation or the volumeaxis intercept of the LV end-systolic pressure-volume relation remain almost constant, whereas the slopes of these relations become steeper.19)-21) On the basis of these earlier findings, it would appear that Ec progressively increases during pressure loading while Do remains almost constant.
In other words, myocardial contractility may progressively increase with pressure loading, as shown in Fig. 2 .
Many investigators have reported that a sudden increase of ventricular pressure causes an increase in LV myocardial contractility. This effect has been variously suggested to be the result of an increase in coronary blood flow,1)-3) the initiation of homeometric autoregulation,4) the recovery from pressure-induced transient subendocardial ischemia,5) or the release of a peripheral circulating factor(s).6) However, the underlying mechanism(s) still remains unclear.
In 1912, Anrep1) and Knowlton and Starling2) reported that an abrupt increase in ventricular pressure had a delayed positive inotropic effect on the , and open circles show it during aortic occlusion (AOO). Do denotes the extrapolated diameter intercept of the LV end-systolic force-diameter relation during VCO, and Do'denotes that during AOO. One possible interpretation of the diagram is that Ec, the slope of the LV end-systolic force-length relation, increases progressively with pressure loading (expressed by the lines Lo, L1, ..., or Ln), whereas Do remains constant. myocardium of the isolated heart. Knowlton and Starling2) suggested that this effect was due to improved perfusion of the myocardium, since it is accompanied by an increase in coronary blood flow. However, Sarnoff et al4) found that the effect (they designated it as the Anrep effect) also persisted in isolated hearts even when coronary blood flow remained constant. They considered that this positive inotropic effect was independent of coronary blood flow, and suggested that it reflected some form of intrinsic homeometric autoregulation. Since the Anrep effect was not observed in muscle strip preparations at that time,7),8) Monroe et al9) suggested that a transient negative inotropic effect occurred after a sudden increase in ventricular pressure as a result of pressure-induced transient subendocardial ischemia, and that this phenomenon was immediately modified by autoregulation of the coronary Jpn.
Heart J. in Emax at low perfusion pressure. When in situ hearts were studied, Emax was found to increase after an increase in coronary perfusion pressure at a constant coronary blood flow rate.27) Conflicting results have been obtained, i.e., an increase in coronary perfusion pressure induces a positive LV inotropic effect,29) but does not influence LV contractility. 24) Thus, the effects of changes in coronary blood flow and/or perfusion pressure on LV contractility remain ambiguous. It may be reasonable to assume that LV contractility is affected by coronary blood flow and/or perfusion pressure only when these variables fall below a critical level, whereas when they are maintained sufficiently, the effects of changes in either parameter on the LV contractility are not obvious. Using the conductance catheter technique, Baan et al30) have investigated the influence of pressure or volume interventions on LV contractility. They found that Emax under a pressure load was always larger than under a volume load. They suggested that the difference may be due to a factor(s) released into the peripheral circulation, which is especially produced distal to the site of aortic occlusion. They concluded that the positive inotropic effect noted after aortic occlusion was not caused by the Anrep effect, because of the use of gradual aortic occlusion in their experiments (over 5 to 10sec) and because of the lack of transient changes in end-diastolic pressure or volume as observed with the typical Anrep effect. They also hypothesized that the positive inotropic effect of an increase in pressure was to allow the heart to eject a sufficient cardiac output to the peripheral organs under various conditions, as described by Ehrlich et al.6) Since the pressure was also increased gradually in the present study, our experimental results may also not be identical to the Anrep effect, as Baan et al30) hypothesized. LV wall contractility appeared to increase progressively during pressure loading and there was no biphasic change of the contractile state. Accordingly, it is obvious that the increase in contractility was not caused by the recovery from transient subendocardial ischemia as suggested by Monroe et al.5) LV pressure was increased by a relatively small amount (from approximately 120 to 160mmHg) in our experiments. Although coronary blood flow and perfusion pressure were not controlled and thus were not measured, these factors probably do not contribute to the increase in Ec, since cardiac function is little affected by changes in the distribution of blood in the coronary arteries induced by small increases in pressure.26),28) In addition, since the time until the onset of Ec elevation was very short, this positive inotropic effect may not be caused by a peripheral factor as proposed by Baan et al.30) The positive inotropic effect that we observed was also not caused by changes of the cardiac sympathetic tone, because the adrenergic and vagus nerves were almost completely blocked by the infusion of propranolol and atropine.
Accordingly, the effect observed in our experiments is suggested to be induced by an intrinsic homeometric autoregulation mechanism in the myocardium, as previously proposed by Sarnoff et al,4) which is initiated immediately after an increase in LV pressure.
We cannot rule out one possibility that our result reflects the essential non-linearity of the force-length relation, because the force-length relation during volume-loading was not examined in the present experiments.
Experimental studies for the force-length relations during volume-loading and volume-unloading are needed to validate this possibility. A more likely underlying mechanism of the homeometric autoregulation is "length-dependent calcium activation", i.e., augmented contractile performance of the myocardium by the change in sensitivity of calcium and/or calcium concentration released from the sarcoplasmic reticulum with increasing muscle length.31) In our experiments the initial muscle length was prolonged by afterloading (Fig. 1) . It is theoretically predicted from our model that Ec may correspond to calcium concentration released from the sarcoplasmic reticulum.32),33) Thus, the rise in calcium concentration with initial muscle lengthening would lead to the phenomenon of "homeometric autoregulation" of the myocardium. Accordingly, our model's prediction reconciles the result of our experiments (increased Ec by afterloading) with "lengthdependent calcium activation".
In conclusion, the LV end-systolic force-length relation was nearly linear both during the decrease of pressure produced by inferior vena caval occlusion and during pressure loading produced by descending aortic occlusion. The slope of the relation was significantly steeper during pressure loading than during pressure reduction.
The change in the slope under pressure loading was observed immediately after the initiation of loading, and progressively increased as the pressure rose. These findings suggest that afterloading due to aortic occlusion immediately increases the myocardial contractility of the in situ autonomically blocked canine left ventricle. This increase in LV myocardial contractility with pressure loading is thought to be generated by "length-dependent calcium activation" with initial muscle lengthening.
